Canonical Wnt signaling plays an important role in development and disease, regulating transcription of target genes and stabilizing many proteins phosphorylated by glycogen synthase kinase 3 (GSK3). We observed that the MiT family of transcription factors, which includes the melanoma oncogene MITF (micropthalmiaassociated transcription factor) and the lysosomal master regulator TFEB, had the highest phylogenetic conservation of three consecutive putative GSK3 phosphorylation sites in animal proteomes. This finding prompted us to examine the relationship between MITF, endolysosomal biogenesis, and Wnt signaling. Here we report that MITF expression levels correlated with the expression of a large subset of lysosomal genes in melanoma cell lines. MITF expression in the tetracycline-inducible C32 melanoma model caused a marked increase in vesicular structures, and increased expression of late endosomal proteins, such as Rab7, LAMP1, and CD63. These late endosomes were not functional lysosomes as they were less active in proteolysis, yet were able to concentrate Axin1, phospho-LRP6, phospho-β-catenin, and GSK3 in the presence of Wnt ligands. This relocalization significantly enhanced Wnt signaling by increasing the number of multivesicular bodies into which the Wnt signalosome/ destruction complex becomes localized upon Wnt signaling. We also show that the MITF protein was stabilized by Wnt signaling, through the novel C-terminal GSK3 phosphorylations identified here. MITF stabilization caused an increase in multivesicular body biosynthesis, which in turn increased Wnt signaling, generating a positive-feedback loop that may function during the proliferative stages of melanoma. The results underscore the importance of misregulated endolysosomal biogenesis in Wnt signaling and cancer.
Canonical Wnt signaling plays an important role in development and disease, regulating transcription of target genes and stabilizing many proteins phosphorylated by glycogen synthase kinase 3 (GSK3). We observed that the MiT family of transcription factors, which includes the melanoma oncogene MITF (micropthalmiaassociated transcription factor) and the lysosomal master regulator TFEB, had the highest phylogenetic conservation of three consecutive putative GSK3 phosphorylation sites in animal proteomes. This finding prompted us to examine the relationship between MITF, endolysosomal biogenesis, and Wnt signaling. Here we report that MITF expression levels correlated with the expression of a large subset of lysosomal genes in melanoma cell lines. MITF expression in the tetracycline-inducible C32 melanoma model caused a marked increase in vesicular structures, and increased expression of late endosomal proteins, such as Rab7, LAMP1, and CD63. These late endosomes were not functional lysosomes as they were less active in proteolysis, yet were able to concentrate Axin1, phospho-LRP6, phospho-β-catenin, and GSK3 in the presence of Wnt ligands. This relocalization significantly enhanced Wnt signaling by increasing the number of multivesicular bodies into which the Wnt signalosome/ destruction complex becomes localized upon Wnt signaling. We also show that the MITF protein was stabilized by Wnt signaling, through the novel C-terminal GSK3 phosphorylations identified here. MITF stabilization caused an increase in multivesicular body biosynthesis, which in turn increased Wnt signaling, generating a positive-feedback loop that may function during the proliferative stages of melanoma. The results underscore the importance of misregulated endolysosomal biogenesis in Wnt signaling and cancer.
MITF | Wnt-STOP | lysosome | melanoma | multivesicular body W nt signaling is required for tissue differentiation, growth, and homeostasis (1, 2) . Misregulation of Wnt signals can result in abnormal development and disease, most notably cancer (3) . The canonical Wnt pathway influences transcription through the stabilization of β-catenin, a transcriptional activator. In the absence of Wnt ligands, β-catenin is rapidly turned over by a destruction complex composed of adenomatous polyposis coli, Axin1, casein kinase 1α, and glycogen synthase kinase 3 (GSK3) (4) . During Wnt signaling, the destruction complex is inhibited, allowing newly synthesized β-catenin to accumulate in the nucleus and regulate transcription of Wnt target genes (5) . However, Wnt signaling stabilizes many other cellular proteins in addition to β-catenin (6, 7) . Wnt achieves this stabilization of proteins by inhibiting GSK3, a kinase that generates phosphodegrons in β-catenin and many other proteins. These phosphodegrons are then recognized by E3 ubiquitin ligases and polyubiquitinated, targeting proteins for proteosomal degradation (7) . Upon Wnt binding, the Wnt receptor low-density lipoprotein receptor-related protein 6 (LRP6) recruits the β-catenin destruction complex, including Axin1, GSK3, and phospho-β-catenin (p-β-catenin), which are endocytosed as "Wnt/LRP6 signalosomes" (8) and translocated from the cytosol into multivesicular bodies (MVBs) (6, 9) . Wnt signal transduction requires an intact endosomal sorting complexes required for transport (ESCRT) machinery (6) , which is required for the formation of the intraluminal vesicles of late endosomes (10) . In this way, Wnt signaling causes GSK3 and Axin1 to become sequestered from their potential cytosolic substrates inside membrane-bounded organelles (6, 9) . This mechanism, which results in the stabilization of many proteins by decreasing the polyubiquitination triggered by the generation of GSK3-induced phosphodegrons, has been recently designated "Wnt-dependent STabilization Of Proteins" or Wnt/STOP (7) .
We became interested in MITF (micropthalmia-associated transcription factor) when a bioinformatic screen of the human proteome for putative GSK3 targets containing three or more consecutive phosphorylation sites followed by a priming site revealed that a remarkable 20% of the human proteome contained such sites (6) . Among these sites, the highest score for phylogenetically conserved putative GSK3 phosphorylation motifs (www.hhmi.ucla.edu/derobertis/EDR_MS/GSK3%20Proteome/ Table_1-full_table.xls) belonged to a group of basic helix-loophelix leucine zipper transcription factors called the MiT family (11) . The four members of this family (MITF, TFEB, TFE3, and TFEC) possess three putative GSK3 sites followed by a priming site Significance MITF, a master regulator of melanocytes and a major melanoma oncogene amplified in 30-40% of melanomas, determines proliferative or invasive phenotypes. Previously unrecognized as a driver of lysosomal biogenesis, we found that MITF expression correlates with many lysosomal genes and generates late endosomes that are not functional in proteolysis. This accumulation of incomplete organelles expands the late endosomal compartment, enhancing Wnt signaling by entrapping the Wnt machinery in multivesicular bodies. Wnt signaling can stabilize many proteins besides β-catenin. Our study identifies MITF as an oncogenic protein stabilized by Wnt, and describes three novel glycogen synthase kinase 3-regulated phosphorylation sites in this oncogene. This study deepens our knowledge on proliferative stages of melanoma: MITF, multivesicular bodies, and Wnt may form a feedback loop that drives proliferation.
close to the carboxyl terminus. MiT genes behave as oncogenes (12, 13) . In the case of MITF and TFEB, the priming sites were shown to be phosphorylated by RSK1/p90 and PKCβ, respectively (14, 15) , but it was not known whether the new GSK3 sites were phosphorylated.
MITF stands for micropthalmia-associated transcription factor, because mutations in the mitf gene give rise to smaller eyes (16) as a result of defects in the development and function of the retinal pigment epithelium (17, 18) . MITF is also a melanocyte master regulator gene and a melanoma oncogene (18, 19) . A point mutation in MITF that inhibits sumoylation and leads to increased activity predisposes to familial melanoma, indicating that MITF is indeed a melanoma oncogene (20) . In addition, the MITF gene is amplified in 30-40% of melanomas (19) . MITF is expressed in many tissues and is subject to alternative splicing and differential promoter use, giving rise to multiple tissuespecific isoforms. MITF-M, also known as variant 4, is an isoform with an N-terminal truncation that is specifically expressed in melanocytes and melanomas (18, 21) .
Another important member of the MiT family is TFEB, which is the master regulator of lysosome biogenesis (22) . TFEB binds to a specific DNA sequence known as the "coordinated lysosomal expression and regulation" element (CLEAR element) in the promoter region of many lysosomal genes (22) . Regulation of lysosome biogenesis is controlled by the mammalian target of rapamycin (mTOR) pathway through phosphorylations of TFEB that retain this transcription factor in the cytoplasm (23, 24) , coupling lysosomal biogenesis to nutritional sensors. TFE3 has also been shown to act in a similar manner, promoting autophagy and lysosomal biogenesis (25) . Although MITF has not, to our knowledge, been recognized as participating in lysosomal biogenesis (22, 25) , it is strongly expressed in cell types with high levels of lysosome-related organelles, such as melanocytes, osteoclasts, mast cells, and retinal pigment epithelium (18) .
In the present study, we report that MITF mRNA expression levels significantly correlated with the expression of lysosomal gene transcripts in a large panel of melanoma cell lines. MITF up-regulated many, but not all, lysosomal genes in an inducible MITF melanoma model, and activated transcription of a CLEAR element synthetic promoter. MITF not only induced lysosomal gene transcripts, but also protein markers of late endosomal trafficking and acidic organelles. However, this marked increase in late endosomes failed to increase overall lysosomal degradation of endocytosed BSA. Previous work from our laboratory had shown that expansion of late endolysosomal structures [via chloroquine (CQ) treatment or presenilin knockdown] enhanced Wnt signaling by increasing relocalization of GSK3 into MVBs (26) . Induction of MITF expression in a melanoma model, in addition to increasing late endosomal vesicles, also increased Wnt signaling in an ESCRT-dependent manner. In the presence of Wnt, the MITF-induced vesicular structures contained Axin1, GSK3, p-β-catenin, and phospho-LRP6 (pLRP6). Wnt prolonged the half-life of MITF protein, and enhanced MITF activity in cultured cells and in Xenopus embryo explants. A custom-made antiphospho antibody confirmed that the novel C-terminal sites on MITF were indeed phosphorylated by GSK3. The results suggest a positive regulatory loop by which MITF expands MVBs/late endosomes, resulting in increased Wnt signaling which in turn stabilizes MITF by decreasing its GSK3 phosphorylations.
Results

MITF Has
Three Consecutive Putative GSK3 Sites. The best-characterized members of the MiT family of helix-loop-helix leucine zipper transcription factors are MITF, the melanocyte master regulator and melanoma oncogene (18) , and TFEB, the master coordinator of lysosomes and cellular clearance pathways (22, 27) . Although posttranslational modifications had been extensively studied in this family, a bioinformatics screen discovered three previously unrecognized putative GSK3 phosphorylation sites at their C terminus (Fig. 1A) (6) . The high degree of conservation of these serines during evolution (Fig. 1B) suggested that these sites might be important for protein function. GSK3 prefers prephosphorylated "primed" substrates, phosphorylating Ser or Thr at position −4 (S/TXXXS/T[PO3]) (28) . Importantly, in the case of MITF and TFEB the serine residues that could serve as the priming phosphate for GSK3 had been previously demonstrated to be phosphorylated in vivo (14, 15) . This finding prompted us to investigate whether MITF was regulated by Wnt, and whether MITF, like TFEB, also had a role in endolysosomal biogenesis.
MITF Expression Levels Correlate with Many Lysosomal Genes in
Melanomas. Although MITF and TFEB share extensive sequence homology, MITF had not been previously linked to lysosomal biogenesis (22) . We investigated whether melanomas in which the MITF gene was amplified had increased transcription of lysosomal genes. We first analyzed a panel of RNA microarray data for 51 melanoma cell lines generated at the University of California, Los Angeles. Cell lines were allowed to sort out according to their levels of expression of a set of 89 lysosomal genes (22) using the Rosetta Resolver gene-expression data analysis system. As shown in Fig. 1C , the melanoma lines clustered into two distinct groups: one with high MITF expression and the other with low MITF expression. The group with high MITF expression (indicated in red in the vertical axis of Fig. 1C ) was composed mainly of melanoma cell lines harboring genomic MITF amplifications. Many, but not all, lysosomal genes were up-regulated in the lines expressing high levels of MITF. When the same samples were specifically queried for the expression of a subset of 63 lysosomal genes that contain a CLEAR response element within their promoter region (22) , the melanoma lines also strongly clustered into two groups, one with high MITF mRNA expression and DNA amplification, and another with low MITF (Fig. S1) .
These results suggested a positive correlation between MITF levels and lysosomal gene expression. To confirm this finding, we performed gene set enrichment analysis (GSEA) (29) on the lysosomal gene set using publicly available microarray expression profile datasets for melanoma (Philadelphia, Zurich, and Mannheim datasets) (30) , encompassing a different group of 83 melanoma lines (i.e., in addition to the 51 lines described above). GSEA revealed that MITF transcripts significantly correlated with the expression of the lysosomal gene set in melanomas (P < 0.001) (Fig. 1D) . Surprisingly, TFEB, the master regulator of lysosomes, did not correlate with the lysosomal gene set (Fig. 1E ). This finding indicated that the up-regulation of lysosomal genes observed in melanomas with high levels of MITF is not mediated by a secondary increase in TFEB expression levels.
To test whether MITF could directly activate the CLEAR element, we cotransfected HEK 293T cells with a CLEAR element luciferase reporter (22) and MITF. Cotransfection with TFEB was used as a positive control. We found that MITF, like TFEB, could significantly activate the synthetic CLEAR element reporter (Fig. 1F) . We conclude from these experiments that MITF expression can drive the transcription of many, but not all, CLEAR element lysosomal genes in melanomas.
MITF Expands the Late Endolysosomal Compartment. To further test the effect of MITF on lysosomal biogenesis, we took advantage of the C32 melanoma cell line model (20) , which has undetectable levels of endogenous MITF, but contains a tetracyclineinducible MITF-M ( Fig. 2A) . After tetracycline (Tet) treatment, MITF was strongly expressed, as detected by an anti-MITF monoclonal antibody (Fig. 2B) . In response to MITF induction, C32 cells underwent a phenotypic switch displaying a striking increase in large vesicular structures visible by differential interference contrast light microscopy ( Fig. 2 C-D′, arrows) . MITF induction also increased the lysosomal membrane marker lysosomal-associated membrane protein 1 (LAMP1) as detected by immunofluorescence (Fig. 2 E and F) , and this increase could be quantified by flow cytometry (Fig. 2G ). In addition, CD63, a tetraspanin protein that marks the intraluminal vesicles of MVBs, was also enriched in MITF induced-vesicles ( Fig. 2 H-J) . These two endolysosomal markers are themselves lysosomal genes whose promoters contain CLEAR elements, and were found to be highly correlated with MITF in the heat map of Fig. 1C .
Using quantitative RT-PCR (RT-qPCR), we validated that expression of multiple lysosomal mRNAs increased by MITF induction in C32 cells. These included α-N-acetylglucosaminidase (NAGLU), chloride channel voltage sensitive 7 (CLCN7), prosaposin (PSAP), cathepsin D (CTSD), cathepsin A (CTSA), sialidase 1 (NEU1), α-galactosidase (GLA), mucolipin 1 (MCOLN1), β-glucocerebrosidase (GBA), and serine carboxypeptidase 1 (SCPEP1) (Fig. 2K) . As a negative control, hypoxanthine phosphoribosyltransferase 1 (HPRT1) was shown not to change upon MITF induction in C32 melanoma cells. The ability of MITF to upregulate lysosomal genes was not confined to melanoma cells, as HEK 293T cells transiently transfected with MITF also had increased transcripts for CTSA, MCOLN1, PSAP, GNS, SCPEP1, NEU1, and GLA (Fig. S2) . TFEB, which contains a CLEAR element in its own promoter as part of a positive-feedback mechanism (31), was also induced by MITF (Fig. S2 ), but was not correlated with lysosomal gene expression in the GSEA analysis of melanoma lines (Fig. 1E ). F-box protein 11 (FBX011), used in this case as a negative control, was not induced by MITF in HEK 293T cells (Fig. S2 ).
In addition, the vesicles induced by MITF were strongly enriched in the late endosomal marker Rab7 (Fig. S3 ). Although this small GTPase is not itself considered a CLEAR network lysosomal gene, Rab7 has been recently shown to play a key role in the regulation of melanoma proliferation by exploiting a lineage-specific endolysosomal pathway wiring (32) .
TFEB elicits a coordinated response to nutritional and homeostatic cellular demands by regulating the synthesis of lysosomes (33) . By using LysoTracker dye, a specific marker of acidic organelle compartments, we found that MITF induction in C32 cells increased the number of acidic organelles detected by fluorescence microscopy and flow cytometry ( Fig. 3 A-C).
We next tested whether these MITF-induced vesicles were functional lysosomes. To this end, we used the dequenched BSA (BSA-DQ) reagent (Fig. 3D ). BSA-DQ is normally self-quenched, as a result of heavy labeling by BODIPY dyes. When added to the culture medium, BSA-DQ is incorporated into the liquid-phase cellular endosomal compartment by nonreceptor-mediated endocytosis. Upon fusion with endolysosomes, BSA-DQ is digested into smaller fragments, relieving the self-quenching and causing a fluorescent signal (Fig. 3D ). Although MITF induction greatly expanded the endolysosomal system, increased acidic organelles, and up-regulated the transcription of many lysosomal markers, we were surprised to find that lysosomal activity was not increased, but instead moderately decreased (Fig. 3E ). This result is likely because of the inability of overexpressed MITF to induce the complete repertoire of lysosomal genes, as reflected in the heat map in Fig. 1C . We conclude that MITF expression in the C32 melanoma model expands late endosome/MVB vesicles but not the number of functional lysosomes.
MITF Enhances Wnt Signaling. The increase in late endosome/MVB structures was reminiscent of the effects of CQ or presenilin depletion. We had shown in a previous study that in these conditions Wnt signaling was enhanced through the expansion of the MVB compartment and subsequent increased sequestration of GSK3 (26) . This finding prompted us to test whether the responsiveness to the Wnt pathway, which is critical in melanoma (34) , was affected by MITF expression.
The Xenopus system provides an efficient way of analyzing Wnt signaling. We found that MITF mRNA microinjections significantly potentiated Wnt8 signaling in animal cap ectodermal explants (Fig. 4A) , using a SuperTopFlash-Luciferase Wnt reporter as the assay (Materials and Methods). In accordance to the GSK3 sequestration model (6, 9) , this MITF-driven enhancement of Wnt activity required the ESCRT machinery components hepatocyte growth factor-regulated tyrosine kinase substrate (HRS, also known as Vps27) and vacuolar protein sorting protein 4 (Vps4) (Fig. 4A ). In addition, MITF mRNA microinjection expanded the expression domain of chordin, a downstream target of Wnt in the developing Xenopus gastrula, when coinjected with suboptimal amounts of Wnt8 mRNA (Fig. 4 B-E, arrows). These results showed that MITF expression enhanced the Wnt signaling response in the Xenopus system, and that this required MVB formation.
To study the effect of MITF on Wnt signaling specifically in a melanoma background, we generated permanent lines of MITFinducible C32 cells transduced with the Wnt/β-batenin-activated reporter (BAR) firefly luciferase reporter together with a Renilla luciferase driven by an EF1α promoter for normalization purposes (Materials and Methods). Using this cell line, we found that MITF induction with Tet significantly enhanced the response to the addition of Wnt3a protein (Fig. 4F, brackets) . HRS/Vps27 was required for Wnt signaling in this system as well, because HRS siRNA inhibited Wnt signaling (Fig. 4G ). LiCl is a direct inhibitor of GSK3 that stabilizes β-catenin and this effect is expected to be independent of endolysosomal organelles. In agreement with this prediction, MITF had no significant effect on LiCl-induced Wnt reporter activity (Fig. 4H ). As mentioned above, CQ treatment enhances Wnt signaling by accumulating late endosome/MVB structures (26) . In C32 melanoma cells, CQ also enhanced Wnt3a signaling, and the extent of its effect was comparable to that of MITF induction by Tet (Fig. S4) . Taken together, these results indicate that MITF enhances Wnt signaling, both in early embryos and in a melanoma setting, in an ESCRTdependent manner.
The Destruction Complex Localizes to MITF-Induced Vesicles During
Wnt Signaling. To test whether MITF induction affected the relocalization of the β-catenin destruction complex to endolysosomes/MVBs during Wnt signaling (6, 9), we first examined the localization of endogenous Axin1, the crucial scaffold protein of this complex, using a monoclonal antibody (35) . In C32 cells, Wnt3a treatment relocalized Axin1 to vesicles (Fig. 4 I-N) , and this vesicular localization was greatly enhanced in cells expressing MITF after Tet treatment (Fig. 4 O-Q) , which caused an enlargement of the MVB compartment. MITF-induced vesicles strongly colocalized with endogenous pLRP6, specifically when C32 cells were treated with Wnt3a (Fig. S5, arrows) . This finding indicated that the activated Wnt receptor complex relocalized into MITF-induced vesicles. In addition, we found that RFP-GSK3 colocalized with CD63-containing vesicles upon Wnt treatment, and that the overlap was particularly prominent in C32 melanoma cells expressing MITF (Fig. S6 A-I ; note yellow arrows in Fig. S6I′ ). We also observed that p-β-catenin, a component of the destruction complex (35) that accumulates in MVBs following Wnt signaling (6), colocalized with the MVB marker CD63 in MITF-expressing C32 cells in the presence of Wnt3a (Fig. S7) . The results indicated that the destruction complex components Axin1, GSK3, and p-β-catenin are translocated to CD63
+ endolysosome/MVBs induced by MITF in the presence of Wnt. The enhanced sequestration of GSK3 and Axin1 provides a cell biological explanation for how MITF induction increased Wnt signaling (Fig. 4F) .
MITF Protein Is Stabilized by Wnt. Wnt signaling has been shown to stabilize many proteins via GSK3-regulated polyubiquitination and degradation (6) . This Wnt/STOP is emerging as an important branch of canonical Wnt signaling (7) . MITF was previously known to be phosphorylated at S409 by p90/RSK1 (14), providing a possible priming for the three previously unrecognized carboxyl-terminal (S405, S401, S397) putative GSK3 sites identified here (Fig. 1A) . The priming phosphorylation at S409, in conjunction with another phosphorylation at S73, had been shown to trigger proteasomal degradation of MITF (14) .
To investigate whether Wnt stabilized MITF protein, we treated C32 melanoma cells (with or without previous induction of MITF expression) with Wnt3a protein (Fig. 5 A-D) . Cycloheximide (CHX) was also added to inhibit new protein synthesis. After 5 h, C32 cells were fixed and immunostained using an anti-MITF monoclonal antibody. Nuclear MITF staining was observed in cells that had been previously induced with Tet. Upon Wnt3a treatment, MITF protein was significantly stabilized (Fig.  5 , compare C and D). Nuclear MITF was quantified and found to be stabilized nearly twofold by Wnt3a (Fig. 5E) .
To assess the effect of Wnt3a on endogenous MITF protein, we used the M308 melanoma cell line that expresses MITF from its endogenous promoter at detectable levels. M308 melanoma cells were treated with CHX and control medium, or CHX and Wnt3a, and harvested for Western blots at different time points. It was found that Wnt3a treatment prolonged the endogenous MITF half-life by 45% (Fig. 5F ). In accordance with this, Wnt3a plus CHX treatment also increased transcript levels of the MITF target gene melanoma antigen recognized by T cells 1 (MART1) (36) in C32 cells induced to express MITF (Fig. 5G) , measured by RT-qPCR. In addition, MITF mRNA was significantly more active in promoting the expression of endogenous x-tyrosinase mRNA when coinjected together with Wnt8 mRNA in Xenopus laevis embryos (Fig. 5H) . Tyrosinase is an MITF target gene that is not normally expressed at the early gastrula stage. Importantly, in early embryos, microinjection of Wnt8 mRNA alone does not increase x-tyrosinase transcripts, suggesting that the strong increase in x-tyrosinase transcripts by MITF in combination with Wnt is mediated by the stabilization and increased activity of the microinjected MITF (Fig. 5H) . Induction of MITF, as well as Wnt3a treatment, increased cellular proliferation in C32 melanoma cells (Fig. S8) .
To test whether the novel putative GSK3 sites on MITF played a role in the stability of MITF, we mutated these serine residues into alanine in the human MITF-M (Fig. 5I) . The resulting MITF GSK3 mutant (MITF-GM) protein was more stable than wild-type MITF (MITF-WT) protein when the same amount of synthetic mRNA was microinjected into Xenopus laevis embryos and analyzed by Western blot (Fig. 5J) . Because equal amounts of mRNA were injected, the effect of the mutations should be posttranscriptional. Quantification of three independent experiments confirmed that MITF-GM was more stable than MITF-WT (Fig. 5K) . These results indicate that MITF stability and activity are regulated by these novel GSK3 sites.
A Phospho-Specific MITF Antibody Demonstrates That the C-Terminal GSK3 Sites Are Phosphorylated. To determine whether MITF was phosphorylated at the C-terminal GSK3 sites predicted by the bioinformatics screen, we raised a phospho-specific rabbit antibody directed against the first two GSK3 phosphorylation sites (S401 and S405) adjacent to the S409 priming site (Fig. 5L) . This anti-pMITF GSK3 antibody reproduced the nuclear localization of the anti-MITF monoclonal antibody in melanoma C32 cells upon Tet-driven MITF induction (Fig. 5M) , indicating that this reagent is specific for MITF and that phosphorylation takes place. Unfortunately, purification in affinity columns failed, but the crude antiserum was effective at 1:5,000 dilutions. The pMITF GSK3 antibody was phospho-specific, as it did not cross react with the phosphorylation-resistant mutant MITF-GM, while the MITF-WT band was strongly stained in Western blots from transiently transfected HEK 293T cells (Fig. 5N) .
We next tested whether the novel phosphorylation sites in MITF were phosphorylated by GSK3. HEK 293T cells were transiently transfected with MITF-WT and treated the next day with the GSK3 inhibitor BIO for 5 h. GSK3 inhibition led to the stabilization of total MITF and disappearance of the pMITF GSK3 band in Western blots (Fig. 5O) , indicating that the C-terminal phosphorylations of MITF were indeed mediated by GSK3. In Tet-stimulated C32 melanoma cells, MITF was also recognized by pMITF GSK3 , and this band disappeared upon GSK3 inhibition with BIO (Fig. S9) , suggesting that MITF was phosphorylated at the novel C-terminal GSK3 sites in a melanoma background as well. Taken together, these results indicate that the MITF protein contains three previously unnoticed C-terminal GSK3 phosphorylation sites that regulate its stability.
Discussion
MITF is a melanoma oncogene that is amplified in 30-40% of melanomas (13) . Other members of the MiT family are also disregulated in cancer, for example TFEB in pediatric renal carcinomas and TFE3 in alveolar soft-part sarcomas (12, 13) . In this study we uncovered a positive regulatory loop in which Wnt signaling stabilizes MITF independently of de novo protein synthesis. We describe three previously undetected GSK3 phosphorylation sites that are highly conserved in MITF, TFEB, TFE3, and TFEC, and show that these sites in MITF mediate protein stabilization when Wnt inhibits GSK3. We found that high levels of MITF in melanoma cell lines correlated with the expression of a large subset of lysosomal genes. Late endolysosomal structures were greatly expanded when MITF was expressed in the Tetinducible C32 melanoma cell line. However, these late endolysosomes/MVBs did not form proteolytically active lysosomes in assays using BSA-DQ added to the culture medium. The expansion of late endosomes resulted in increased sensitivity to Wnt signaling through an ESCRT-dependent mechanism. The endosomal/MVB vesicles induced by MITF colocalized with pLRP6, Axin1, GSK3, and p-β-catenin in the presence of Wnt, explaining the increased Wnt signaling by the sequestration of the destruction complex in vesicular organelles (6, 9, 26) .
The model in Fig. 6 proposes that a positive-feedback signaling loop drives the proliferative stages of melanoma. Increased MITF would cause an expansion of late endolysosomal vesicles that potentiates Wnt signaling. In turn, Wnt signaling stabilizes MITF by inhibiting GSK3 and reducing the C-terminal GSK3 phosphorylations of MITF. The proliferative stages of melanoma are associated with a peak in canonical Wnt signaling and also increased MITF activity (37) . Vesicular trafficking misregulation is emerging as a fundamental hallmark of melanomas and perhaps of other cancers (32, 38) . Our model helps explain how a lineage-addiction oncogene could cause perturbations in the endolysosomal pathway and increase cellular responses to Wnt signaling (Fig. 6 ).
MITF and Lysosomal Biogenesis. TFEB is the master regulator of lysosomal biogenesis (22) , capable of orchestrating cellular clearance pathways by promoting transcription of a set of genes downstream of the CLEAR element (33) . Recently, it has been shown that TFE3 is capable of a similar response (25) . Although MITF, TFEB, and TFE3 share high-sequence homology, MITF had not been previously recognized as being capable of triggering lysosomal biogenesis (22, 25) . However, the idea that MITF may promote a lysosomal gene response is not entirely surprising. One of the MITF E-box consensus DNA binding sites (5′-CACGTG-3′) (39) is contained within the TFEB consensus binding site (CLEAR element) (5′-GTCACGTGAC-3′) (22) . In addition, melanomas were recently shown to have a strong enrichment of the lysosome Gene Ontology (GO:0005764) gene set in comparison with other cancers (32) .
MITF, the master regulator of melanocytes, regulates the expression of melanosomal genes (40) . Melanosomes are commonly termed lysosome-related organelles. Although it is tempting to speculate that the correlation between MITF and lysosomal genes described here derives from the relationship between melanosomes and lysosomes, melanosomes are distinct from conventional endosomes and lysosomes, and represent a distinct lineage of organelles (41, 42) . Proteomic analyses have revealed that melanosomes contain a unique proteomic profile and share only a few proteins with lysosomes (6 in the case of premelanosomes and 12 in the case of mature melanosomes), (43, 44) . Our analyses revealed that MITF correlates with, and is capable of up-regulating, many genes that are exclusively lysosomal and not considered melanosomal. The likely explanation is that MITF, when amplified at the genomic or overexpressed at the transcriptional level in melanomas, may bind promiscuously to TFEB binding sites (CLEAR elements) and drive expression of a large subset of lysosomal genes.
The observation that MITF-M, but not TFEB, significantly correlated with lysosomal genes in melanoma may be a reflection of their distinct regulations. The activity of TFEB is controlled by mTORC1 (23, 24) . In nutrient-rich conditions, TFEB localizes to the lysosomal outer membrane through binding to Rag GTPases (45) via its amino terminal domain. Active mTORC1 on the lysosomal surface phosphorylates TFEB and causes its retention in the cytoplasm by 14-3-3 proteins (23, 24) . Only when mTOR is inhibited, for example during starvation or lysosomal stress, is unphosphorlylated TFEB free to enter the nucleus (23, 24) . Therefore, TFEB-mediated lysosomal biogenesis depends more on nutritional status and cellular localization than on absolute TFEB levels. The MITF-A and MITF-D isoforms are similarly regulated through their 30 N-terminal amino acids required for binding to Rag GTPases at the lysosome surface (23, 45) .
However, the MITF-M isoform, which is the one expressed in melanomas, lacks this N-terminal domain required for lysosomal localization and mTOR phosphorylation. Consequently, MITF-M is a constitutively nuclear protein (45) . We propose that, when overexpressed, MITF-M binds promiscuously to CLEAR element lysosomal genes without being restrained by mTOR signaling. This would be sufficient to drive partial endolysosomal biogenesis, resulting in inactive lysosomes and enhanced Wnt signaling.
Alterations in lysosomal content, distribution, and volume have been associated with cancer (46) . Recently, it has been shown how melanomas use a lineage-specific Rab7-mediated wiring of the endolysosomal pathway to promote proliferation (32) . This finding is consistent with the very strong increase in Rab7 + vesicles we found upon MITF induction in C32 cells. It appears that endolysosomal regulation is particularly important in melanoma (32) . Perhaps disregulated endolysosomal pathways are a feature of malignancies associated with other MiT family oncogenes as well.
MITF Enhances Wnt Signaling. Although MITF induction increased expression of lysosomal genes in melanoma, it did not increase lysosomal activity assessed by the cleavage of BSA-DQ. This result was reminiscent of the effects of CQ treatment or presenilin mutations in which accumulation of late endolysosomal structures enhances Wnt signaling through an increase in the sequestration of the Wnt receptor/β-catenin destruction complex (26) .
Because MITF induction in C32 melanoma cells caused an expansion of MVBs and late endolysosomal/MVB vesicles marked by CD63, LAMP1, and Rab7, we investigated whether MITF expression could affect Wnt signaling and found that Wnt signaling was enhanced by MITF both in Xenopus embryos and in an MITF-inducible melanoma cell line. This increase in Wnt responsiveness required the ESCRT machinery necessary for intraluminal vesicle formation in MVBs. Axin1, GSK3, p-β-catenin, and pLRP6 colocalized with MITF-induced vesicles upon Wnt signaling.
Although Wnt is one of the main signaling pathways commonly perturbed in metastatic melanomas (47) , its role in oncogenesis is paradoxical. Canonical Wnt signaling and β-catenin activation seem to be a key step in the initiation of melanoma (34) . However, β-catenin has also been shown to suppress invasion, and loss of β-catenin predicts poor rates of survival in patients (48) (49) (50) . Additionally, BRAF signaling, a hallmark of most melanomas, has been reported to inhibit Wnt signaling in melanoma cells (51) . In some melanoma lines, Wnt signaling synergizes with BRAF inhibitors in decreasing tumor growth and increasing apoptosis (51) . This finding has caused re-evaluation of the oncogenic nature of Wnt signaling in these cancers (52) . Given the importance of the endolysosomal pathway in Wnt signaling (6, 9) and Rab7 wiring in melanomas (32) , it is tempting to speculate that the sequestration of the destruction complex components, which confers canonical Wnt signaling, is particularly high in melanomas.
MITF Protein Stabilization by Wnt/GSK3. Wnt, through GSK3 inhibition, stabilizes many proteins in addition to β-catenin (6, 7, 53) . Wnt-dependent stabilization of proteins (Wnt/STOP) peaks during G 2 /M, preventing protein degradation in preparation for cellular division (8) . The possibility that Wnt signaling could increase the stability of the MiT family of transcription factors, which behave as oncogenes (12, 13) , is potentially significant. We found that Wnt signaling indeed stabilized MITF protein levels in melanoma cell lines. It is well documented that Wnt signaling also participates (through Lef1 and other transcription factors) in driving transcriptional expression of MITF (54) (55) (56) . We now find that Wnt can also regulate MITF at the protein degradation level, independently of transcription.
MITF is clearly a driver of melanoma, because a recurrent mutation in MITF predisposes to familial melanoma. This mutant, MITF E318K, has impaired sumoylation and increased activity (20) . The same mutation also predisposes for renal cell carcinoma (57) . Ectopic MITF expression, in combination with activated BRAF, can transform human primary melanocytes (19) . We found that Wnt signaling strongly potentiated MITF transcriptional activity, as measured by an increase in MART1 transcripts. Importantly, this experiment was carried out in the presence of CHX to prevent de novo synthesis of MITF. During Wnt signaling, only the newly synthesized β-catenin is competent for signaling (35) . By preventing protein synthesis, we also ruled out any effect of β-catenin accumulation on the observed increase in MITF activity, indicating that the enhanced activity is caused by increased stability, activity, or both. We conclude that Wnt signaling, by inhibiting GSK3, could enhance the stability of MITF and contribute to its oncogenic effects (Fig. 6 ).
The C-Terminal GSK3 Phosphorylation Sites of MITF. MITF is highly regulated at the transcriptional, posttranscriptional, and posttranslational level (58) . MITF-M protein has been shown to be phosphorylated at S73, via ERK1/2, and at S409, via p90/RSK1, in response to tyrosine kinase KIT receptor activation (18) . MITF has also been proposed to be phosphorylated at S298 by GSK3, and this residue is often mutated in Waardenburg syndrome (59) .
Here are presented three novel GSK3 phosphorylation sites (S397, S401, and S405) conserved in the C terminus of MITF. When these residues were mutated into alanines, the MITF protein became more stable, suggesting a role for GSK3 in targeting MITF for proteasomal degradation. In agreement with this proposal, the priming phosphorylation at S409 has been shown to participate in MITF proteasomal targeting (14) . Using a custom antiphospho MITF GSK3 antibody, we confirmed that the new sites are indeed phosphorylated by GSK3 in vivo. Phosphopeptides corresponding to the GSK3 phosphorylations have been recorded by proteomic discovery-mode mass spectrometry (see Phosphosite.org), but their regulation has not been previously analyzed in the scientific literature.
MITF, MVBs, Wnt, and Melanoma Proliferation. As in the case of Wnt signaling, the role of MITF in melanoma is paradoxical, promoting transcription of genes with antagonistic behaviors (60).
As a melanocyte master regulator, MITF drives cells toward differentiation, and high MITF levels have antiproliferative effects (61) . However, MITF has been also described as a lineage addiction-or lineage survival-oncogene required for melanoma survival and proliferation (18, 19, 62) . The levels of MITF protein are critical in melanomas, as they determine cellular phenotype: low levels cause G 1 arrest, stem cell-like properties, and often confer invasive behavior (63) . Intermediate MITF levels endow cells with increased proliferative capacity. However, higher levels drive cells toward differentiation and G 1 arrest. Thus, MITF is considered a molecular rheostat (39, (63) (64) (65) .
Melanomas, in terms of their expression profiles and clinical behavior, can be subdivided into two phenotypes: proliferative and invasive. Among the genes up-regulated in the proliferative melanoma state are many MITF targets, as well as many Wnt target genes (37) . This finding contrasts to the invasive state, in which MITF and Wnt targets are down-regulated (37) . These different cellular phenotypes coexist within a heterogeneous tumor and are determined by MITF levels (37) . However, melanoma cells have the capability to switch phenotypes by modifying MITF levels. Recently, this phenotype switch has been elegantly exploited as part of an effective antimelanoma therapy strategy (66) .
The results presented here suggest that in the proliferative stages of melanoma increased MITF levels may potentiate Wnt signaling by expanding the endolysosomal compartment, and that Wnt in turn stabilizes MITF by preventing GSK3-mediated proteasomal degradation.
Materials and Methods
Analysis of Gene Expression by Microarray. Melanoma cell lines were cultured in RPMI medium (Life Technologies) supplemented with penicillin/streptomycin and FBS. All 51 cell line cultures used for arrays were harvested at 50-70% confluency, centrifuged, quick frozen, and characterized by mtDNA sequence before use. For microarray analysis of gene-expression, the RNA was isolated using the Qiagen RNeasy protocol and quantitated using a NanoDrop Spectrophotometer (Agilent Technologies). Next, 825 ng of highquality total RNA with RNA integrity number greater than 8.0 was labeled with cyanine 5-CTP or cyanine 3-CTP using the Low RNA Input Fluorescent Linear Amplification Kit (Agilent Technologies) and purified on RNeasy Mini columns (Qiagen). Labeled RNA was then hybridized to Agilent Human 44K expression arrays that include 44,000 probes and compared with a labeled mixed-reference sample consisting of a pool of equal amounts of RNA from each of 47 melanoma cell lines. Analysis of the microarray data were done using Rosetta Resolver (v7.2.2.0) system with P values equal or less than 0.01.
GSEA. The correlation between MITF or TFEB and the set of lysosomal genes was analyzed by the GSEA approach (29) . The set of 89 lysosomal genes was from Sardiello et al. (22) . Normalized gene expression data for melanoma cell lines was obtained from the Hoek et al. dataset (30) , which consists of three independent subsets-Zurich, Mannheim, and Philadelphia-containing among them 83 additional melanoma lines. Each subset was scaled and the Pearson correlation between MITF or TFEB and all genes was calculated. MITF was represented as a single probe and for TFEB the average scaled expression vector of two probes was used. Each gene was collapsed to its probe with the highest absolute correlation. Genes were ranked by their correlation with MITF or TFEB and the three subsets combined using average gene ranks. The combined ranked lists were analyzed for enrichment of the lysosomal gene set. Statistical significance was assessed with a permutation based Kolmogorov-Smirnoff nonparametric rank test (1,000 permutations) (29) .
Cell Culture. For MITF induction in the C32 MITF Tet-inducible melanoma line, cells were grown in medium containing Tet 1 μg/mL (Sigma) for 4 d to allow MITF protein to be synthesized. Recombinant murine Wnt3a protein (PeproTech) was added to C32 cells at 80 ng/mL for 5-6 h. CQ was dissolved in water and added to C32 cells at 100 μM (Sigma). For GSK3 inhibition, cells were treated with BIO (or meBIO as a control) (67) at 5 μM for 5 h or LiCl at 30 mM for 8 h. For inhibition of protein synthesis, CHX (Sigma) was dissolved in ethanol and used at a final concentration of 20 mg/mL (6).
Immunostainings. For immunostainings, round coverslips were placed in 12-well plates and extensively washed with ethanol, Dulbecco's PBS (DPBS, Gibco), and culture medium. C32 melanoma cells, previously grown with or without Tet for 4 d, were seeded into these 12-well plates, and 24 h later treated with Wnt3a. After 6 h of Wnt3a treatment, cells were fixed with fresh 4% (wt/vol) paraformaldehyde (Sigma #P6148) (PFA) in DPBS for 20 min, washed for 15-20 min three times in freshly prepared DPBS, permeabilized by treatment with 0.2% (vol/vol) Triton X-100 in DPBS for 10 min, washed for 15-20 min three times in DPBS and treated with 0.5% (wt/vol) SDS for 5 min for antigen retrieval. Wells were then washed for 15-20 min three times in DPBS and blocked with 5% (vol/vol) goat serum plus 0.5% (wt/vol) BSA in DPBS for at least 2 h (blocking solution). Cells were then incubated with primary antibodies, diluted 1:4 in blocking solution, overnight at 4°C. The following day, wells were washed for 15-20 min three times DPBS, and secondary antibodies (diluted in 1:4 blocking solution) applied for 2 h at room temperature. After washing in DPBS, coverslips were removed and mounted in ProLong Gold antifade reagent with DAPI (Life Technologies) to stain cell nuclei. A Zeiss Imager Z.1 microscope with Apotome was used to analyze and photograph immunofluorescence, using a 63× objective unless otherwise stated. To quantify immunostainings for MITF protein in C32 cells, staining of individual nuclei was measured with ImagJ software (NIH). Because uninduced C32 cells lack MITF staining, the perimeter of the nucleus was determined by DAPI staining. The MITF protein levels of 120-150 individual nuclei were measured for each condition. Primary antibodies used for immunostaining in this study were: anti-MITF 1:250 (DAKO #M3621), anti-p-β-catenin 1:300 (S33/37/T41) (Cell Signaling Technologies #9561), anti-Axin1 clone A5 1:300 (Millipore #05-1579), anti-pLRP6 1:300 (S1490) (Cell Signaling Technologies #2568S), anti- BSA-DQ Lysosomal Activity Assay and Lysotracker on Living Cells. For studying lysosomal proteolysis on endocytosed BSA, C32 cells previously grown with or without Tet, were plated in six-well plates. Upon 60% confluency, cells were treated with 5 μg/mL of BSA-DQ (DQ Red BSA, Molecular Probes, #D-12051) diluted in prewarmed medium and incubated at 37°C for 6 h. Cells were then briefly washed twice with prewarmed DPBS, trypsinized, fixed in suspension with 4% (wt/vol) PFA for 15 min at room temperature, and washed extensively with DPBS at room temperature. Fluorescence of cleaved BSA-DQ was analyzed by flow cytometry. For visualizing LysoTracker stainings by microscopy, C32 cells were previously grown with or without Tet were plated in 12-well plates containing coverslips as described above for immunostainings. Upon 60% confluency, cells were treated with Lysotracker (LysoTracker Red DND-99, Invitrogen, #L7528), diluted 1:1,000 in prewarmed medium, incubated for 1 min at 37°C, and washed with prewarmed DPBS. Cells were fixed with 4% PFA for 15 min at room temperature in the dark, and washed extensively with DPBS. Coverslips were then mounted with ProLong Gold antifade reagent with DAPI (Life Technologies) and visualized with Zeiss Imager Z.1 microscope with Apotome. For quantitatively analyzing Lysotracker stainings, C32 cells were previously grown with or without Tet were plated in six-well plates and, upon 60% confluency, cells were treated with Lysotracker as described above in prewarmed medium and incubated for 1 min at 37°C, and washed extensively with prewarmed DPBS. Cells were then trypsinized, fixed in suspension with 4% PFA for 15 min at room temperature in the dark, washed several times with DPBS, and analyzed by flow cytometry.
DNA Constructs. Human MITF-M (GB# NM000248) was cloned into the pCS2 vector. This MITF-M construct was used to generate the MITF GSK3 mutant (MITF-GM) by PCR-based site-directed mutagenesis (QuikChange II SiteDirected Mutagenesis, Stratagene). RFP-GSK3 was from ref. 6 . The CLEAR element Luciferase construct was from ref. 22 , and was transfected at 0.6 μg per 12-well plate, together with 0.2 μg of SV40-Renilla luciferase construct for normalization (6) .
Statistical Analyses. Results from three or more independent experiments are presented as the mean ± SEM. Excel (Microsoft) was used for statistical analyses, applying the two-tailed t test as appropriate. Significant differences of means are indicated as **P < 0.01 and ***P < 0.001. For Xenopus embryo assays, Western blot analyses, siRNA in tissue culture, lentiviral transductions, luciferase assays, RT-qPCR analysis, and additional cell culture information, see SI Materials and Methods.
